The main concern of this work was to find a new biological antisprouting product for potatoes during storage. Ruta chalepensis L. essential oil (RCEO) was for the first time used as a potential sprouting inhibitor for potatoes. To confirm RCEO antisprouting effect, evolution of sprout length and weight loss of potato tubers was determined during a storage period of six weeks under three RCEO different treatments (2%, 4%, and 6%). Sprout final weight was also computed. Then, a screening of RCEO chemical composition was performed. An outstanding antisprouting effect of 6% emulsions concentrations was observed as compared to 2% and 4% emulsions concentrations. Final sprout weight (SW) of untreated samples was 4.66%, while 6% treated samples scored 0.98%. These results were endorsed by high Pearson correlation coefficients (>0.9). Indeed, increasing treatment concentration enhanced the sprout growth inhibition. Identification of RCEO major components showed that 2-undecanone represented 87.18% of total identified components suggesting that this component is the possible active agent of RCEO against potatoes sprouting.
Introduction
Potato (Solanum tuberosum L.) ranks as the world's fourth most important food crop, after maize, wheat, and rice [1] . Being the world's number one nongrain food commodity, a great consideration should be attributed to its conservation. Potato tubers are usually stored for several months at a low temperature prior to planting to delay sprouting [2] . However, when dormancy is broken and sprouting is activated [3] , important economic damage is recorded.
Therefore, effective sprout control is a major component of managing stored potato quality [4] . By far, the mostused chemical sprout inhibitor worldwide is chlorpropham (isopropyl-(N-3-chlorophenyl) carbamate (CIPC), CAS # 101-221-3) [5] . However, it can negatively impact the environment and human health [6] . Therefore, safety considerations have prompted the EU to introduce both restrictions on application as well as maximum residue levels (mass of CIPC per mass of potato 0.063 gkg −1 and 0.01 gkg −1 , resp.) [7] .
Ethylene is also an effective potato sprout inhibitor, but it often darkens fry colour [8] . Nowadays, it is very important to use natural products compounds such as essential oils as well as the pure compound derived from essential oils [9] . Bioconservation could be a good alternative for potatoes quality preservation during storage without further environmental damage caused by the use of agrochemicals. Indeed, several essential oils have been identified with a sprouting inhibition potential on potatoes: the caraway (Carum carvi L.) essential oil [10, 11] , the coriander (Coriandrum sativum L.) essential oil [12] , and the mint (Mentha spicata L.) essential oil [6] . However, until now no previous studies were focused on the RCEO sprouting potential inhibition on potatoes. As a matter of fact, Ruta chalepensis L. is a wild plant widespread in the Mediterranean region [13] known mainly for its abortifacient, anthelmintic, antispasmodic, phytotoxic, antimicrobial, and antioxidant activities [14] [15] [16] [17] [18] [19] . Yet, no data was found on potatoes bioconservation using Ruta chalepensis L. essential oil.
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Thus, the main purpose of the present work was to identify RCEO as a novel antisprouting agent for potatoes to substitute the existing agrochemical products for regeneration inhibition during storage. In fact, several sprout inhibition assays were performed to optimize RCEO emulsions concentrations to provide a pioneering potatoes bioconservator. Then, RCEO antisprouting components were identified using gas chromatography coupled to mass spectrometry. PhWL = 100 × (initial weight − weight at week ) (initial weight) SW = 100 × (sprouts weight) (initial weight) .
Material and Methods
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PhWL illustrates the weight loss due to breathing and sweating. SW evaluates the loss due to sprouting. TWL is the sum of PhWL and SW.
Determination of Ruta chalepensis Essential Oil Bioactive
Components. RCEO composition was determined using gas chromatography coupled to mass spectrometry (GC-MS) using a mass spectrometer HP 5975 C (Agilent Technologies) with electron impact ionization (70 eV). A capillary column HP-5 ms was used (30 m × 250 um coated with 5% phenyl methyl silicone, 95% dimethyl polysiloxane, and the film thickness 0.25 um). The oven temperature was programmed from 60 to 220 ∘ C at a rate of 4 ∘ Cmin −1 , and the tempering temperature was 230 ∘ C. The carrier gas was helium with a flow rate of 0.8 mlmin −1 and a split ratio of 50 : 1. Scanning time and range mass were 1 s and 50-550 / (molecular mass/charge), respectively. RCEO components identification was performed by comparing their retention indices (RI) with corresponding data of commercial available standards.
Data Analysis.
Standard one-way analysis of variance (ANOVA) was conducted to assess the effect of RCEO emulsions on potato sprout inhibition and weight loss using Duncan test. Pearson's correlation test was performed between parameters. All statistical tests were performed using the software SPSS version 13.0 (SPSS, Chicago, USA).
Result and Discussions
Effect of Ruta chalepensis L. Essential Oil on Potato Sprouts
Length during Storage. Sprouting experiments were conducted during a storage period of six weeks using three different treatments (concentrations of emulsions). Figure 1 presents sprouting percentage evolution during potatoes storage. An overall assessment of sprouting evolution curves showed significant differences between the curves shapes suggesting significant differences between the studied samples interaction mechanism with the different treatments. Regarding treated samples, sprouting percentage increased smoothly to reach their maximum after four weeks of storage. In the case of samples treated by 6% emulsions, an apparent inhibitor effect on sprouting was observed since week 3. In fact, notable difference was shown between treatment at 6% and the other treatments. However, less difference was detected between treatments at 2 and 4%.
In order to investigate the impact of RCEO on sprouting, potatoes sprout lengths were statistically checked for each week under each treatment (Figure 2) . ANOVA results revealed high significant differences between sprout length evolutions under the different treatments. In fact, different treatments of RCEO had significant effect ( ≤ 0.05) on sprout inhibition. Untreated potato tubers began to sprout since the first week of storage, whereas the treated samples sprouting were irrelevant at this point. Remarkable difference in sprout length was found after two weeks of storage between the three different treatments, whereas treatment 6% was more efficient in inhibiting potato tubers sprouting. This result suggested that RCEO could be considered as possible alternative for sprouting inhibition. The sprout continued to grow after five weeks of storage under treated and untreated conditions, whereas Duncan's test showed no significant difference between treatments 2% and 4%. After six weeks, sprout final length reached an average of 27.96 mm, 26.96 mm, and 12.2 mm under 2%, 4%, and 6% treatments, respectively. As expected, the control sample recorded the highest final sprout length (59.23 mm). Furthermore, Duncan's test results confirmed that no relevant difference was detected between sprout length of potato tubers treated by 2% and 4% indicating the outstanding antisprouting effect of emulsions at 6%. Indeed, by increasing the treatment concentration, the sprout growth was proven to be decreasing under the effect of essential oil.
These findings could be attributed to a direct effect of RCEO on cell division inducing sprout growth inhibition. Romagni et al. findings established that essential oils and their components inhibit cell division in the root tips growth and interfere with DNA synthesis in growth meristem [21, 22] . However, Tworkoski et al. works indicated that essential oils inhibit plant growth by disrupting membrane integrity [23, 24] . Furthermore, other researches suggested that essential oils induce oxidative stress and inhibit root growth [24] [25] [26] [27] . In fact, essential oil improves lipid peroxidation and accumulation of hydrogen peroxide and increases the electrolyte leakage in root tissues [24, 27] . Moreover, Batish work showed that plants treated with essential oil of Eucalyptus showed significant degrees of ion leakage indicating a loss of membrane permeability leading to serious damage to the plant [28] . Furthermore, several studies [29] [30] [31] revealed that essential oils had a direct effect on the composition of chlorophyll and cell respiration.
Effect of Ruta chalepensis Essential Oil on Potato Weight
Loss during Storage. Effect of RCEO treatments on potato weight loss was determined by weighing the tubers during storage period as presented in Figure 3 . Weight loss started effectively after two weeks of storage. In fact according to Fernie and Willmitzer, starch degradation is an important event related to the induction of sprouting [32] . Sprouting tuber needs to obtain energy from the mother tuber, which could cause weight loss. As matter of fact, significant difference between treatments was noticeable starting from week 3 as confirmed by ANOVA results. More particularly, Duncan's test revealed that until four weeks of storage, there was no significant difference between untreated and 2% treated samples (PhW). Remarkably, samples treated with 4% and 6% emulsions reacted similarly until week 4. However, only after five weeks of storage, a high significant difference was shown between 4% and 6% treatments. In fact, 4% treatment effect on tubers weight loss decreased, while it persisted for the treatment 6% (Table 1 ). These findings suggested that the effect of RCEO on physiological weight loss started from the 4% concentration. Moreover, Figure 4 confirmed the great impact of 6% RCEO treatment Data are expressed as mean from three replicates. Means of the same column followed by different letters differ significantly ( < 0.001).
Emulsion 6% Control sample Figure 4 : Effect of Ruta chalepensis essential oil on potato weight loss during storage: potatoes during the week 6 of storage: at the right, a potato treated with emulsion 6%; at the left, control sample potato.
on sprouting. Indeed, we recorded a total weight loss of 11.88% for the control sample, while it was only 6.02% for the treatment 6%, consistently with sprout weight assessment. In fact, untreated tubers final sprout weight was 4.66% of the initial weight, whereas for the treatment 6%, it was 0.98%. Furthermore, results showed that untreated samples scored a physiological weight loss of 7.22% of the initial tuber weight, while for the treatment 6%, it was 5.04% ( Figure 3) .
Thus, it could be concluded that sprouting inhibition probably delays tuber weight loss, as previously reported by Teper-Bamnolker et al. [6] . In fact, Pearson correlation coefficient results confirmed a high significant correlation between total weight loss and physiological weight loss (0.98), total weight loss and sprout final weight (0.99), and physiological weight loss and sprout final weight (0.94). These correlations could sustain the hypothesis indicating that RCEO affected the cell respiration, which could be the leading mechanism of the sprouting inhibition.
Ruta chalepensis Essential Oil Bioactive Components Identification.
Active antisprouting agents of RCEO were analyzed by GC-MS. Table 2 presented the identified components in RCEO. Results showed that RCEO composition was rich in cetonic components (95.17%), while 2.15% remained unidentified. The identified components were octane, 4-isopropenyl-1-methyl-1-cyclohexene, 2-nonanone, nonanal, 1-methyl-5,6-divinyl-1-cyclohexene, 2-decanone, decanal, 2-undecanone, 2-dodecanone, 2-tridecanone, 1-heptadecene, pentacosane, and 1,2-benzenedicarboxylic acid. Moreover, 2-undecanone (87.18%) was the main component of RCEO, consistently with previous findings [20, [33] [34] [35] (68.95%, 47.7%, 69.23%, and 77.18%, resp.). Chemical composition of the essential oil can be affected by climatic, seasonal, rainfall and geographic conditions, distillation technique, and harvest period [36] . RCEO was applied using three doses to enable a screening of treatments impact on sprouting level. Treatments recorded significant impact as antisprouting agent even at low doses. Therefore, the identification of RCEO active components could be considered as an important discovery. 2-Undecanone presented 87.18% of total identified components. So, we could assume that this component could be the possible active agent of RCEO. This antisprouting agent had a different action compared to chemical products. In fact, it is more correctly called sprout suppressants because they physically damage developing sprouts with a high concentration of the product in the surrounding headspace in the potato storage [4] . On the other hand, other potatoes antisprouting components in essential oils have been already identified in previous works. For instance, Bradow and Connick determined the effect of nine methyl ketones from Amaranthus palmeri S. Wats. (AMAPA) residues on seed germination of onion, carrot, AMAPA, and tomato [37] . In addition, R-carvone was the active sprouting inhibitor of mint essential oil during potatoes storage as previously reported by Teper-Bamnolker et al. [6] .
Conclusion
The potential antisprouting effect of RCEO on potatoes during storage was investigated. Sprout length and weight loss Journal of Chemistry 5 of potato tubers curves as a function of storage duration (6 weeks) revealed high significant effect of the different treatments as confirmed by ANOVA results. A novel technique was successfully implemented to apply RCEO on potatoes with different emulsions concentrations. Tubers treated with 6% RCEO emulsions showed distinguished sprouting inhibition as compared to the other treatments, consistently with final sprouts measurements. Therefore, sprouting of potatoes during storage was associated with weight loss and sprout length as confirmed by high Pearson correlation coefficients (>0.9).
RCEO composition screening revealed that 2-undecanone was the major component of RCEO (87.18%) of the total identified components which could likely be the possible antisprouting agent of RCEO.
These findings suggested RCEO as a pioneering alternative for potatoes bioconservation without harmful drawbacks on environment. Further research is expected to confirm the 2-undecanone hypothesis as the RCEO active component.
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